Abstract Remote sensing technology is being conceived as a cost-effective tool to monitor the eutrophication problem in shallow inland lakes and reservoirs. The objective of this study is to develop hyperspectral remote sensing algorithms for chlorophyll and accessory pigments retrieval in the Ishizuchi Reservoir in Japan. The laboratory reflectance data of 207 field samples with manipulated pigment and suspended sediment concentrations were measured between 400 and 700 nm with a hyperspectral spectroradiometer, and integrated into 60 contiguous narrow bands. Band ratio and spectral absorption algorithms were developed by regression analysis with the observed chlorophyll measurements, and their estimation accuracies were evaluated using the RMSE of the estimates. Algorithms developed from spectral absorption ratios a(675 nm)/a*(675 nm) for five different classes of total pigment concentrations were more accurate than the algorithms based on band ratios R rs (538 nm)/R rs (488 nm), R rs (581 nm)/R rs (463 nm) and R rs (674 nm)/R rs (622 nm) as a result of removing the influence of overlapping absorption and scattering by water molecules and suspended solids from total absorption spectra.
INTRODUCTION
The Ishizuchi Reservoir is located in a densely populated urban area, where it plays an essential role of regulating the urban runoff and protecting the surrounding residences from flooding. Since its construction in 1990, it has become an attraction because of its beautiful landscape and its rich ecosystem encompassing various aquatic flora and fauna. The reservoir's waterfront is surrounded by housing and recreational facilities, where the residents can enjoy walking, fishing, bird watching, etc. The watershed is also home to paddy rice fields that account for almost 5% of its total surface area. In recent years the water quality of the reservoir has been deteriorating. The identified cause of pollution is a high loading of exogenous nutrients and suspended solids from non-point source pollution.
Kochi local government is investigating ways to sustain both the water quality and the ecosystem in Ishizuchi Reservoir by using the natural purification properties of aquatic plants to prevent long-term pollution that may affect not only the recreational activities but also the rich ecosystem of the reservoir.
A preliminary water quality investigation programme is indispensable for understanding the function of the reservoir ecosystem and is being carried out. Parameters under investigation include phosphorus (TP), nitrogen (TN), dissolved oxygen (DO), biological oxygen demand (BOD), chlorophyll (Chl), and turbidity (NTU). Water samples are collected from eight sampling points in the reservoir with a sampling time interval of two weeks. Preliminary results show a high variability among the sampling points owing to the patchy nature of pollution within the reservoir. Under such conditions, it is questionable whether the samples are representative of the water quality status of the whole reservoir. As sampling and laboratory water quality measurements are costly and time consuming, it is not feasible to increase the number of monitoring stations. One alternative may be the use of hyperspectral remote sensing technology that has the advantages of timeliness, synopticity, and cost effectiveness. The merit of remote sensing lies in its potential to detect and map pollution patches most often characterized by high chlorophyll and high turbidity. Thus it permits targeting and studying more accurately the phytoplankton pollution in a given aquatic environment.
Many researchers (Neville & Gower, 1977; Vos et al., 1986; Mittenzwey & Gitelson, 1988; Mittenzwey et al., 1992; Quibell, 1992; Gitelson, 1993; Gitelson et al., 1993 Gitelson et al., , 1994 Han et al., 1994; Matthews & Boxall, 1994; Nitin et al., 1998) have successfully implemented chlorophyll remote sensing algorithms for algae biomass estimation in lakes and reservoirs. However the algorithms are often only valid for specific site conditions. Remote sensing pigment retrieval models discussed so far in the remote sensing literature follow two different methodological approaches. The first can be qualified as a remote sensing radiance or reflectance approach and the second as a spectral absorption approach. The remote sensing reflectance approach relates the water quality parameters observed in the field to the water surface reflectance data through empirical regression models, while the spectral absorption approach uses a spectral deconvolution technique to break an absorption spectrum into fractional absorption spectra of constitutive substances resident in the water column, and relates these fractional spectra to pigment presence and quantity through empirical regression models.
The objective of this research is to (a) develop phytoplankton pigment retrieval algorithms, (b) evaluate and compare the performances of the two approaches for retrieving in vivo phytoplankton pigment concentrations, and (c) determine the usefulness of the developed algorithms for phytoplankton pigment retrieval and species classification.
THE STUDY AREA AND SAMPLING

Study area
The Ishizuchi reservoir is characterized by its position at the centre of a densely populated residential area known as Toichi Newtown; it occupies a surface area of 25 ha, representing approximately 30% of the watershed. Other land covers include: the Toichi Newtown urban areas (40%), terrace rice fields (5%), and forest (25%). Toichi River runs along the Ishizuchi Reservoir waterfront (Fig. 1) .
Toichi River brings a substantial discharge of exogenous nutrients and suspended solids, as well as many other pollutants; to a lesser extent, artificial channels discharge urban runoff and treated nutrient-rich household wastewaters in the reservoir. The mean water depth of Ishizuchi Reservoir is approximately 2.5 m.
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Sampling
Ishizuchi Reservoir water quality data have been collected since August 2002 from eight sampling points (Fig. 2 ) in the reservoir with a sampling time interval of two weeks. Monitored quality parameters include phosphorus (TP), nitrogen (TN), dissolved oxygen (DO), biological oxygen demand (BOD) (Fig. 3) , as well as the levels of chlorophyll-a (Chl), and turbidity (NTU) (Fig. 4) . 
MATERIAL AND METHODS
The apparatus
The apparatus shown in Fig. 5 has been used to collect the laboratory reflectance data of the sample solutions. Many authors (Bhargava & Mariam, 1990; Han et al., 1994; Nitin et al., 1998) used similar apparatus to study the spectral characteristics of manipulated mixtures of water, suspended sediments and phytoplankton. The setup has four components: (a) A 40 × 40 × 60 cm glass tank, filled with the experimental water sample; the tank interior sides are blackened using a plastic film. The experimental sample is manually stirred for 10 min after stepwise addition of chlorophyll and suspended sediments prior to each measurement. The spectral data measurement and processing
The hyperspectral spectroradiometer is used to measure the light spectrum in the range 350-2500 nm. This spectroradiometer has a spectral resolution of 2 nm and samples the light spectrum at 1 nm; it is made of three different spectroradiometers in one pack: the first measures the electromagnetic radiation from 350 to 969 nm, the second (SWIR-1) and third (SWIR-2) are equipped with scanning diodes that measure the incoming electromagnetic radiation in the spectral ranges 969-1749 and 1750-2500 nm, respectively. For the purpose of this study, only the visible domain of the spectrum between 400 and 700 nm, covered by the first spectrometer, is considered for further analysis. There are two reasons for this: (i) the data below 400 nm are extremely noisy, and therefore not exploitable, and (ii) the light absorption above 700 nm is considered light absorption that is mostly due to water molecules.
Before each spectral measurement, the spectroradiometer is calibrated using the white reference panel assumed to have nearly Lambertian reflectance of approximately 95%.
To improve the signal-to-noise ratio, spectrum averaging was carried out. The spectrum of each sample is obtained by averaging 10 spectral measurements. Spectral averaging reduces the spectral noise by an amount proportional to the square root of the number of spectra averaged (FieldSpecPro Users Guide, 2002) . Thus for a 10-spectra average, it is expected that the resulting spectrum has three times less noise than a single spectrum measurement.
The absolute reflectance spectra ( Fig. 6(a) ) were computed by dividing the average spectral response of the experimental water sample by that of the white reference panel (Gitelson et al., 1994) . Using that method, all parameters such as the spectral irradiance of the illumination source and the optical throughput of the field spectroradiometer that are multiplicative in nature, and are present in both the spectral response of the reference and the target, are mathematically eliminated. To remove The normalized reflectance spectra generated by dividing the spectral reflectance values by the mean spectral reflectance value.
(a) (b) eventual scaling error between the spectral measurements, the spectra in Fig. 6 (a) were normalized by their mean spectral values to obtain the spectra in Fig. 6 (b). All the spectra will then have the same mean value. Normalizing the spectra does not alter the spectral features as can be seen in Fig. 6 (a) and (b).
Total chlorophyll
Total chlorophyll is chlorophyll in all its forms and degradation products that fluoresce at 665 nm. Chlorophyll measurements are usually performed by spectrophotometry and fluorometry. The accuracy of both methods depends on the sample solution matrix and the calculation equation used (Lorenzen & Jeffrey, 1980; Write et al., 1997) . As a matter of fact, each methodological approach returns a different chlorophyll value. An alternative estimation method is simply to report the amount of total chlorophyll pigments (Golterman & Clymo, 1971) , that is, the estimate of all chlorophyll pigments and degradation products resident in a given water sample. A similar approach is adopted in this work using the YSI 6600 water quality logger that measures the in situ total chlorophyll based on the fluorescence property of chlorophyll. The YSI 6600 instrument is equipped with a light-emitting diode attached to the chlorophyll measurement probe, which emits an intense blue light at a wavelength of approximately 470 nm, thus irradiating the pigments packed in phytoplankton cells. On irradiation with this blue light, total chlorophyll pigments resident in the phytoplankton cells react by emitting light in the 650-700 nm band of the spectrum. The fluorescence is quantified by a detecting photodiode of high sensitivity holding a screening optical filter that allows only the 650-700 nm light to be collected. The YSI 6600 water quality logger allows a real-time measurement of total chlorophyll and water suspended sediments content.
Turbidity
Turbidity is a physical characteristic of water and is an expression of the optical property that causes light to be scattered and absorbed by particles and molecules rather than transmitted in straight lines through a water sample (Sadar, 1996) . In this study, turbidity was measured optically both in the laboratory and in the field using the YSI 6600 water quality logger. The YSI 6600 turbidity sensor measures the average volume of light scattering over a defined angular range. Both particle size and concentration of suspended solids as well as dissolved solids can affect the reading.
As in the case of the total chlorophyll measurement probe, the turbidity measurement probe is equipped with a light emitting diode which shines a light beam, through the sample solution, in the spectral range 830-890 nm. To measure the turbidity, the probe collects the light that is backscattered by the particles present in the sample; then, by means of a photodiode of high sensitivity, and the instrument's software, it returns the resulting measurements in Nephelometric Turbidity Units (NTU).
In this study, turbidity data collected using the YSI 6600 instrument are used to obtain a raw estimate of the light scattering coefficient; this, along with the absorption coefficient, are considered as inherent optical parameters that govern light attenuation in a given water column.
BAND RATIO MODEL DEVELOPMENT
Numerous optically active water constituents resident in a given water column have their spectral signatures in specific narrow bands. For that reason, in this study, the spectral range between 400 and 700 nm was split into 5-nm narrow bands to look for a possible correlation between these narrow bands and the concentration of total chlorophyll in the investigated sample solutions (Ibrahim et al., 2004) . In total, 60 narrow bands were generated. Each narrow band is referred to by its central wavelength. From these bands, 1312 band ratios were computed as:
where R rs is the remote sensing reflectance; V i , B i , G i and R i , the ith narrow band respectively in the Violet, Blue, Green, and Red domains of the visible light spectrum. The spectral reflectance ratios, shown in Table 1 , were found to correlate with the total chlorophyll concentrations (Chl) of the sample solutions. The narrow bands for which these ratios were found significant are coincident with the chlorophyll and accessory pigments spectral features as reported elsewhere in the literature (Wozniak et al., 1999) . Chlorophyll-a absorbs at 674 and 622 nm, chlorophyll-b has its absorption features at 654 and 463 nm, chlorophyll-c absorbs at 644, 581 and 463 nm, and carotenoids absorb at 538 and 488 nm (see Figs 7 and 8) . These respective central bands will be used as input for the Gaussian spectral deconvolution model.
SPECTRAL ABSORPTION MODEL DEVELOPMENT
Absorption spectra
Light beam attenuation in a water column is the combined effect of two different processes: the total spectral absorption a(λ) by numerous pigments resident in the water body, and the total scattering b p (λ) by water particulate matter including algal and non-algal matter and water molecules. Thus attenuation, c(λ) can be represented as an expandable two-component model: Wozniak et al., 1999) .
Absorption and scattering are related to remote sensing reflectance through the following equation adapted from Lee et al. (1994) : 
From equation (8), the total absorption term a(λ) can be expressed as:
where R rs (λ) is the observed remote sensing reflectance, and k a spectrally nondependant constant to be determined by fitting the modelled absorption in equation (9) with the water absorption in the spectral domain above 700 nm, where light absorption is mostly due to water molecules. To avoid scaling error in the spectral data, R rs (λ) spectra were normalized by their mean reflectance value taken between 400 and 700 nm; the total backscattering coefficient b p (λ) can be expended as in equation (10):
where b pw (λ) is the backscattering coefficient of water molecules, the values of which were taken from Buiteveld et al. (1994) , and b pp (λ) is the backscattering coefficient by suspended particulate matter modelled as in Kirk (1980) by equation (11):
where X is a constant indicating the magnitude of backscattering by particulate matter, (551/λ) a constant suggested by Morel & Gentili (1991) , and Y a constant describing the spectral shape of the particle backscattering taking a value near unity. Lee et al. (1994) found a strong correlation between X and the remote sensing reflectance at 551 nm, as well as between Y and the ratio of reflectance R rs (443)/R rs (488) from a large set of MODIS data. Similar equations (equations (12) and (13)) were adopted in this study, with a small modification of the intercepts of the original models, to estimate the backscattering coefficient b pp (λ) for each sample. 
The scatter diagrams of total suspended solids (TSS) against the turbidity of the sample solutions and the turbidity of the sample solutions against their backscattering coefficients calculated from equations (12) and (13) are shown in Fig. 9 (a) and (b), respectively. The constant k in equation (14) determines the amplitude of the absorption spectrum and is not significantly wavelength-dependent. Assuming that the beam attenuation at longer wavelengths above 700 nm is entirely caused by water, it was possible to estimate the values of constant k: The absorption coefficient spectra used to develop the spectral absorption model are shown in Fig. 10 . These spectra were determined from equation (15) 
Specific absorption spectra
The absorption spectra represent a composite made of overlapping absorption spectra of constituent pigments present in the water column, which summed make up the full curve. In this study, the fractional absorption spectra of constituent pigments present in the water column are determined using the Gaussian deconvolution model shown in equation (16) (Wozniak et al., 1998) , and the fractional spectra are summed up to determine the total pigment specific absorption spectra:
where a j * (λ) is the specific absorption coefficient for the jth pigment; a * max,i is the specific absorption coefficient of the jth pigment at wavelength λ ij ; and λ ij and σ ij are the centre and corresponding Gaussian waveband width.
Prior to the Gaussian deconvolution, the spectra were grouped into five classes of pigment concentration, regardless of their total suspended sediment contents. Class 1: <10 µg l . For each class, the Gaussian parameters used as input for equation (8) were estimated (Table 2) .
Figure 11(a) shows the spectral absorption plots of the model development subset for each class of total pigment concentration; the Gaussian deconvolution spectra of chlorophyll and carotenoid pigments are displayed in Fig. 11(b) , and the plots of spectral absorption empirical regression model are in Fig. 11(c) . Having determined the total pigment specific absorption spectrum for each sample class, the spectral ratio was determined by:
For each class, a high correlation was found between the total pigment concentrations of the sample solutions and the values of ΣC ij at 675 nm. The regression models for the five classes are shown in Fig. 12 . 
SUMMARY
Empirical remote sensing algorithms for retrieving inland (case 2) water pigment concentration were developed based on spectral reflectance ratios and spectral absorption data, measured in the laboratory on water samples with manipulated pigment and total suspended sediment concentrations. All the samples were collected from the Ishizuchi Reservoir in 20-l containers, by a direct immersing of the container in the reservoir. The samples were then manipulated in the laboratory by stepwise addition of a concentrate of fresh phytoplankton collected from a natural eutrophicated pond, and a concentrate of standard kaolin, to simulate increasing pigment and total suspended sediments concentrations. The spectral data were then grouped into two subsets. The first subset with 105 spectra was used to develop the models, and the second subset with 102 spectra was used for model validation.
In the model validation process, the data that showed a difference of 5 µg l -1 of total pigment or more, between the observed pigment concentration and the model predicted pigment concentration, were considered as outliers, and were removed from the validation subset. The valid field data were then used to evaluate the performance of the empirical regression models for the total pigment concentrations retrieval.
RESULTS AND DISCUSSION
In the model validation process, it was found that, among the band ratio models presented in Table 2 , models 4, 5, 6 and 7, overestimated the total pigment concentration of the validation subset beyond the outlier, even after tuning the model parameters, and were therefore not considered for performance evaluation. All the remaining models were evaluated using the root mean square error of estimation (RMSE), which describes the difference between the estimated and observed chlorophyll concentrations expressed as: 
Recalling that the validation subset samples were collected from a typical case 2 water reservoir, where the suspended particles concentration does not correlate significantly with the phytoplankton concentration, it is likely that the gelbstoff and other dissolved organic matter content of the validation subset samples had more influence on models 4, 5, 6 and 7 than on models 1, 2, 3 and 8. The latter models could accurately predict the total pigment concentrations for 50, 55, 48 and 60% of the validation subset samples with respectively 20.1, 15.8, 14.3 and 29% RMSE.
The spectral absorption models were more accurate in predicting the total pigment content of the same validation subset samples with RMSE of 12.4, 8.2, 7.8, 3.1 and 2.3%, for the Class 1-5 models. respectively. This seems likely because the influence of overlapping absorption spectra of dissolved organic matter and spectral backscattering by suspended inorganic particles were removed from the absorption spectra of the samples. Therefore, only the influence of phytoplankton pigments that fluoresce at 675 nm were considered in the development of these algorithms after deconvoluting the absorption spectrum of each sample.
The band ratio model plots of estimated pigment contents against observed pigment concentrations are presented in Fig. 12 ; and the spectral absorption model plots in Fig. 13 . 
CONCLUSION
Several algorithms expedient to retrieve the concentrations of chlorophyll and accessory pigments in the Ishizuchi Reservoir were identified in this study. The continuous spectrum in the range 400-700 nm was divided into 60 contiguous narrow bands on which the band ratio technique and the regression analysis were applied to confirm the spectral signatures of chlorophyll and accessory pigments discussed elsewhere (Neville & Gower, 1977; Wozniak et al., 1998) .
The spectral band ratios R rs (538 nm)/R rs (488 nm), R rs (581 nm)/R rs (463 nm), and R rs (674 nm)/R rs (622 nm) were selected from 1341 possible band ratios, on the basis of minimum RMSE in pigment retrieval, and had a strong correlation with total pigment content whatever the suspended sediment concentration of the experimental sample. These findings highlight the importance of the corresponding narrow bands for chlorophyll estimation and phytoplankton classification.
Absorption spectra were successfully generated by inversion of the reflectance data; the Gaussian deconvolution technique was successfully applied on the absorption data, using the band ratio findings, to generate the specific absorption spectra of chlorophyll and accessory pigments that fluoresce at 675 nm.
Taking into account the variation of Gaussian hyperparameters with regard to total pigment concentration, it was found useful to classify the total pigment concentrations into five classes. For each class, an algorithm was developed by regressing the ratio of total absorption to specific absorption at 675 nm against the total pigment concentrations of the model development subset.
It was found that the spectral absorption models are more accurate in predicting the total pigment content of the validation subset samples with less than 2% RMSE estimate, likely because the influences of overlapping absorption spectra of dissolved organic matter and spectral backscattering by suspended inorganic particles were removed from the samples absorption spectra.
From the viewpoint of phytoplankton species classification, the spectral absorption approach clearly illustrates the potential positive outcome that can be expected if the spectral shapes of constitutive pigments are obtained with sufficient accuracy.
